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Tyrosine kinase inhibitors (TKI) are used for primary therapy in patients with newly diagnosed CML. However, a reliable method for optimal selection of a TKI from the viewpoint of drug sensitivity of CML cells has not been established. We have developed a FRET-based drug sensitivity test in which a CrkL-derived fluorescent biosensor efficiently quantifies the kinase activity of BCR-ABL of living cells and sensitively evaluates the inhibitory activity of a TKI against BCR-ABL. Here, we validated the utility of the FRET-based drug sensitivity test carried out at diagnosis for predicting the molecular efficacy. Sixty-two patients with newly diagnosed chronic phase CML were enrolled in this study and treated with dasatinib. Bone marrow cells at diagnosis were subjected to FRET analysis. The DFRET value was calculated by subtraction of FRET efficiency in the presence of dasatinib from that in the absence of dasatinib. Treatment response was evaluated every 3 months by the BCR-ABL1 International Scale. Based on the DFRET value and molecular response, a threshold of the DFRET value in the top 10% of FRET efficiency was set to 0.31.
Patients with DFRET value ≥0.31 had significantly superior molecular responses (MMR at 6 and 9 months and both MR4 and MR4.5 at 6, 9, and 12 months) compared with the responses in patients with DFRET value <0. 31 . These results suggest that the FRET-based drug sensitivity test at diagnosis can predict early and deep molecular responses. This study is registered with UMIN Clinical Trials Registry (UMIN000006358).
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| INTRODUCTION
Chronic myeloid leukemia (CML) is one of the most well-established types of leukemia in terms of not only the molecular mechanism of the disease but also the development of molecularly targeted therapy. Generation of constitutively active tyrosine kinase BCR-ABL by reciprocal translocation between chromosome 9 and chromosome 22 plays a pathogenic role in the disease. 1 After the introduction of imatinib, a first-generation tyrosine kinase inhibitor (TKI), the prognosis of patients with chronic phase CML (CML-CP) was dramatically improved. 2, 3 However, despite the efficacy of imatinib for treatment of CML-CP, many patients could not continue treatment with imatinib because of intolerance or resistance. 4 To overcome these clinical problems, second-generation TKI including dasatinib and nilotinib have been approved and have been shown to be highly effective not only for imatinib-resistant or imatinib-intolerant patients but also for newly diagnosed patients. [5] [6] [7] [8] [9] [10] [11] Therefore, 3 TKI, imatinib, dasatinib and nilotinib, are widely used for treatment of patients with newly diagnosed CML-CP. Moreover, bosutinib and ponatinib are approved for second-line or later treatment for patients who are intolerant or resistant to prior treatment. [12] [13] [14] These TKI show a therapeutic effect by inhibiting BCR-ABL kinase activity, although they inhibit not only BCR-ABL kinase activity but also the activities of other off-target kinases. The off-target effect may be associated with potential adverse events such as cardiovascular, metabolic and pulmonary toxicities, and the spectrum of adverse events varies among these TKI. 15 In the current situation, the choice of a TKI for first-line treatment is generally based on the patient's comorbidities and disease status. 16 The Sokal or Hasford risk score is generally used to estimate disease status, and a high risk is associated with a low rate of cytogenetic and molecular remission and with a high rate of disease progression. Second-generation TKI (ie, dasatinib and nilotinib) are favored for patients with a high risk as these TKI induce more rapid and deeper responses and thus minimize the risk of disease progression compared with imatinib. 10, 11, 16 Although the Sokal and Hasford risk scores are widely used, they do not provide information indicating which drug might be most effective. In addition, it is not clear whether these scoring systems can predict the outcomes of patients treated with a second-generation TKI. 17 Therefore, a new method for risk stratification of patients with newly diagnosed CML that is more sensitive than the conventional risk scores and is applicable for second-generation TKI should be developed.
CrkL is a major substrate phosphorylated by BCR-ABL, and the level of phospho-CrkL, as analyzed by western blotting or flow KONDO ET AL.
| 2257 cytometry, has thus been used as a biomarker of BCR-ABL activity and drug responses. [18] [19] [20] We have developed a FRET-based drug sensitivity test in which Pickles, a CrkL-derived fluorescent biosensor, efficiently quantifies the kinase activity of BCR-ABL of living cells and sensitively evaluates the inhibitory activity of a TKI against BCR-ABL. In this method, the sensitivity for detection of BCR-ABL activity in the CML-derived cell line K562 by the FRET biosensor is much higher than that by western blotting or flow cytometry, which detects phosphorylated CrkL: the FRET biosensor could detect a significant effect of imatinib at a concentration ≥0.1 lmol/L, whereas western blotting and flow cytometry required at least 1 and 0.5 lmol/L imatinib, respectively, to detect a significant decrease in the phosphorylation status of endogenous CrkL. 21 In addition, FRETbased analysis enables visualization of BCR-ABL activity in individual cells and discrimination of cells with high BCR-ABL activity from cells with low BCR-ABL activity. 21 Thus, the FRET-based drug sensitivity test carried out at diagnosis might be able to predict the clinical response to a TKI in patients with CML. The aim of the present study was to validate the utility of the FRET-based drug sensitivity test carried out at diagnosis for predicting the molecular efficacy of dasatinib.
| MATERIALS AND METHODS

| Patient population and treatment
The clinical study was approved by the institutional review boards of The definition of CML-CP was described previously. 22 Sixty-two patients with newly diagnosed CML-CP were enrolled into this study. After diagnosis of CML-CP, the patients were treated with 100 mg dasatinib once daily. Study treatment was continued unless protocol-defined disease progression or unacceptable toxicity was observed. Treatment interruption and dose reduction were permitted for managing adverse events. Dose intensity was calculated as follows: actual total dose of dasatinib intake divided by scheduled total dose of dasatinib during treatment.
| Molecular analysis of BCR-ABL1 transcripts
Quantification of the BCR-ABL1 transcript by real-time quantitative polymerase chain reaction analysis was carried out to assess the molecular response. Patient peripheral blood samples were obtained before and at 3, 6, 9, and 12 months after starting dasatinib treatment. The BCR-ABL1 International Scale (BCR-ABL1 IS) in peripheral blood was measured by a central laboratory center (BML, Tokyo, Japan) with the conversion factor 0.87 as previously described. 23 For validation of BCR-ABL1 IS, ABL1 was used as a reference gene. 
| Fluorescence resonance energy transfer-based drug sensitivity test
The FRET-based drug sensitivity test was carried out as described previously. 21 Bone marrow samples, which were primarily taken for diagnosis of CML, were subjected to analysis, as our previous study suggested that cells with high FRET efficiency are more abundant in bone marrow than in peripheral blood. 21 Briefly, fresh bone marrow samples were collected prior to starting dasatinib treatments, and mononuclear cells were isolated using Lymphoprep (Nycomed) trans- 
| Optimal threshold for FRET analysis and statistical analysis
To evaluate the sensitivity of CML cells to dasatinib, FRET efficiency without dasatinib treatment was subtracted from FRET efficiency with dasatinib treatment and designated as DFRET. Mean value of the top 10% FRET efficiency in analyzed cells was used to calculate DFRET, and DFRET in the top 10% FRET efficiency (DFRET   top10%   ) was used to evaluate drug sensitivity. One-sided unpaired t test and logistic regression analysis were carried out to determine whether DFRET is associated with achievement of MMR, MR4 and MR4.5.
Receiver operating characteristic (ROC) curves were generated on the basis of DFRET top10% value and molecular responses. Optimal threshold of DFRET top10% to predict molecular response was calculated using the Youden index. Based on the optimal threshold of DFRET top10% , we classified patients into 2 groups, a high DFRET top10% group and a low DFRET top10% group. Achievement of molecular responses in these groups was examined by the 1-sided Fisher's exact test. Multivariate logistic regression analysis was carried out to evaluate clinical factors that may affect the efficacy of dasatinib in terms of molecular response. Analysis for achievement of molecular response was based on the modified intention-to-treat method. Calculation of halving time with dasatinib treatment was carried out as previously described, 24, 25 and the relevance of halving time to the DFRET top10% value and pharmacokinetic parameters of dasatinib are described in Doc S1 in Sup- 3 | RESULTS
| Patients' characteristics and molecular responses
Sixty-two patients were subjected to FRET analysis. who achieved MR4 by 6 months or MR4.5 by 12 months were significantly higher than those in patients who did not achieve those molecular responses (Figure 2 ; Table S1 ). These results suggested that FRET analysis can be used to identify CML-CP patients treated with dasatinib who will rapidly achieve deep molecular responses in the clinical course. In addition, logistic regression analysis suggested that DFRET top10% value was significantly associated with achievement of MR4 by 6 months and achievement of MR4.5 by 12 months (Table S2) . Using ROC curve analysis and the Youden index, the optimal thresholds of DFRET top10% value for achieving molecular response were 0.32 for MR4 by 6 months and 0.31 for MR4.5 by 12 months ( Figure S1 ). Therefore, we provisionally selected the optimal DFRET threshold of 0.31 for further analysis. rates were 3.3% by 3 months, 10.0% by 6 months, 20.0% by 9 months, and 26.7% by 12 months. As a result, MMR rates by 6 months, 9 months, or MR4 rates and MR4.5 rates by 6 months, 9 months, and 12 months in the high DFRET top10% group were significantly higher than those in the low DFRET top10% group (Figure 3 ).
| Molecular responses stratified by FRET analysis
These results suggested that the FRET-based drug sensitivity test can predict the molecular responses of patients with CML-CP prior to treatment with dasatinib.
| Clinical factors at diagnosis and treatment responses
We carried out multivariate analysis for clinical factors at diagnosis that may be associated with clinical outcomes. In addition to DFRET top10% value, we incorporated patient's age, gender, performance status, Sokal score and BCR-ABL1 IS at diagnosis into analysis. As a result, DFRET top10% value remained as the only significant factor among the factors analyzed that was associated with achievement of MR4 by 6 months and MR4.5 by 9 and 12 months ( Table 2) . No significant correlation was found with Sokal score. Therefore, DFRET top10% value seemed to be the most reliable factor among the analyzed factors for predicting an early and deep molecular response in patients with CML-CP prior to treatment with dasatinib.
| Further stratification by combination of
DFRET top10% value and halving time
Although our results suggest a clinical utility of the DFRET top10% value of dasatinib for predicting molecular responses, several patients having a high DFRET top10% value failed to achieve MMR, IS at 3 months, 2 patients failed to achieve 10% of BCR-ABL1 IS at 3 months, and 1 patient had missing data. Based on the data of BCR-ABL1 IS before treatment and at 3 months, the optimal halving time threshold for MMR at 12 months was calculated to be 14.76 days (Doc S1; Figure S2 ). Patients with a short halving time (≤14.76 days) had significantly higher MMR, MR4 and MR4.5
rates than did patients with a longer halving time (>14.76 days) ( Figure S3 ). In addition, there was no significant association between DFRET top10% value and halving time (Doc S1). We carried out multivariate analysis for achievement of MMR, MR4 and MR4.5 in which halving time was incorporated into the analysis.
As dose modification was carried out for 44 patients, we also incorporated dose intensity into the analysis. Although halving time was the strongest factor among the factors analyzed and was associated with achievement of MMR and MR4 after 6 months and MR4.5 after 9 months, DFRET top10% value remained as a significant factor for achievement of MR4 by 6 months and MR4.5 by 12 months ( /short halving time were 100%, and they were significantly higher than MMR rate in patients with low DFRET top10% /long halving time (42.9%). As expected, the rate of MR4.5 in patients with high DFRET top10% /short halving time was significantly higher than those in other groups, including patients with low DFRET top10% /short halving time (Figure 4) . | 2261
| DFluorescence resonance energy transfer analysis value of nilotinib in the analyzed patients
We also compared the DFRET top10% value of dasatinib with that of nilotinib using the same bone marrow samples. It was thought that this comparison would provide some information about the relationships of DFRET with dasatinib and nilotinib, although patients were not treated with nilotinib. An overall comparison of DFRET top10% values showed that DFRET top10% of dasatinib was highly associated with that of nilotinib based on simple linear regression analysis (P < .0001). This result implies that DFRET top10% of dasatinib is almost equal to DFRET top10% of nilotinib in most patients. Interestingly, some samples strayed off greatly from the expected values ( Figure 5 ).
| DISCUSSION
In the present study, we examined the feasibility of applying the FRET-based drug sensitivity test to predict the efficacy of dasatinib for treatment of patients with CML. FRET efficiency in bone marrow mononuclear cells isolated from patients with CML was quite variable. These observations are consistent with the results of a previous study showing that the expression levels of BCR-ABL1 transcripts varied among CML patients. 26 Our previous study also indicated that only a limited number of cells showed high CrkL phosphorylation along with high BCR-ABL expression, despite the fact that most of the cells analyzed were BCR-ABL-positive. 21 Therefore, initially we tried to determine the cells that should be assigned to analysis. As a result, we focused on the top 10% FRET efficiency and calculated the DFRET top10% value, which could include high FRET efficiency cells and presumably reflect drug sensitivity.
Although cells with high FRET efficiency should be further characterized, one candidate might be immature cells including CML stem cells, which were reported to express high levels of functional BCR-ABL. 27 Based on the relations of DFRET top10% with MR4 rate by 6 months and MR4.5 rate by 12 months, we provisionally calculated 0.31 as an optimal threshold value of DFRET top10% . This threshold value efficiently stratified patients by molecular responses after 6 months. Further study is needed to establish a more definitive threshold, as this study is based on a limited number of patients.
Recently, it was reported that leukemic stem cell quantification at diagnosis of CML is a strong predictive marker for molecular responses by imatinib, dasatinib and nilotinib. 28, 29 In those studies, leukemic stem cell burden was correlated with other biological factors such as white blood cell count, blast percentage and spleen size. Moreover, patients with a low leukemic stem cell burden at diagnosis showed less hematological toxicity by the TKI and achieved higher rates of cytogenetic and molecular responses than did patients with a high leukemic stem cell burden. In those studies, rates of early molecular response of BCR-ABL1 IS ≤10% at 3 months and BCR-ABL1 IS ≤1% at 6 months were significantly higher in patients with a low leukemic stem cell burden than in those with a high leukemic stem cell burden. In contrast, the DFRET top10% value was a predictive factor for achievement of early and deep molecular responses (ie, MMR, MR4, and MR4.5 rates after 6 months). In our analysis, Sokal score was not associated with the achievement of MMR, MR4, or MR4.5. Although the population of patients with Sokal high risk was quite limited in our analysis, this was consistent with a recent report from Japan. 25 Although DFRET top10% values could be a predictive biomarker for molecular response, some patients with high DFRET top10% values failed to achieve MMR, MR4, or MR4.5 by 12 months. One possible explanation is that the molecular response by treatment with dasatinib is greatly affected by pharmacokinetic and pharmacodynamic parameters of dasatinib, which are highly variable in patients. 30, 31 Therefore, we assumed that the halving time would refine stratification of patients evaluated by the DFRET top10% value, because the halving time may reflect not only the drug sensitivity of CML cells but also pharmacokinetic parameters (Doc S1; Figure S4 substantial number of patients could achieve treatment-free remission. 32 The combination of the FRET-based drug sensitivity test and halving time may provide information about the probability of patients achieving a deep molecular response, which is a prerequisite for treatment-free remission.
One may imagine that patients who are estimated to be dasatinib-sensitive by FRET analysis would also be sensitive to nilotinib.
As shown in Figure 5 , DFRET top10% values of nilotinib were similar to those of dasatinib, suggesting that both dasatinib and nilotinib are equally effective for most patients with CML. Interestingly, some samples strayed off greatly from the expected values. The underlying mechanism causing such differences should be further clarified. This result may imply that drug sensitivity of nilotinib is different from that of dasatinib in such patients. Although validation of FRET analysis is still required for TKI other than dasatinib, the FRET-based drug sensitivity test will provide some information for selecting one of the TKI at diagnosis from the viewpoint of drug sensitivity of leukemia cells.
One may also raise a question about the feasibility of this technique in a clinical laboratory. As described in Materials and Methods, we need only to isolate bone marrow mononuclear cells and to introduce the FRET-biosensor into CML cells according to the programmed protocol. As a result, the FRET-biosensor can be introduced into CD34 + CML cells with transfection efficiency of 20%-
30%
. 21 This means that the FRET-based drug sensitivity test would be easy to apply for clinical purposes.
Our study indicated that the FRET-based drug sensitivity test could be a reliable prognostic marker at diagnosis for discriminating patients who will achieve an early and deep molecular response.
Therefore, this method may add predictive information about the efficacy of a TKI before treatment.
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